1. The composition of the hypobranchial mucin from Buccinum undatum is reported. 2. The amino acid composition was determined; aspartic acid and glutamic acid contribute almost 24% of the total amino acids in the mucin. 3. Serine, threonine and alanine, in the proportions 2:1:1 respectively, were detected as N-terminal residues, implying the presence of at least four protein chains. 4. A glycoprotein component was isolated by phenol precipitation. 5. The glycoprotein contained 8% of neutral sugars comprising glucose, galactose, mannose and fucose, and 4.5% of hexosamine, comprising glucosamine and galactosamine in equal proportions. 6. A method is described for the preparation of glycopeptides from the glycoprotein. 7. The comparative biochemistry of the mucin is discussed.
Recently we reported briefly some of the properties of a mucin secreted from the hypobranchial gland of a marine gastropod mollusc, the whelk Buceinum undatum L. (Hunt & Jevons, 1963) . This material has now been characterized in more detail and shown to consist of a complex conjugate of acidic polysaccharide and glycoprotein. The acidic polysaccharide, a polyglucose sulphate (S. Hunt & F. R. Jevons, unpublished work), is linked covalently to a peptide (Hunt & Jevons, 1965) , whereas the glycoprotein, which has firrnly bound carbohydrate containing hexosamine, neutral hexose and fucose, is associated with the acidic polysaccharide through salt linkages.
The characterization of the mucin as a whole and of the separated glycoprotein moiety are presented below, and the opportunity has also been taken to compare and contrast the mucin with other hypobranchial mucins derived from related sources and to draw analogies with similar substances found in higher animals.
MATERIALS AND METHODS
Preparation of the mucin. Living specimens of Buccinum undatum were obtained from the Marine Biological Association of the United Kingdom Laboratories at Plymouth. Specimens were transported to this Laboratory, in sea water, by overnight rail service and arrived the day after being taken from the sea. The animals were usually utilized immediately on arrival but when necessary could by maintained alive for up to 4 days by aeration in frequently replenished sea water at 4°. Synthetic sea water was obtained from the Beyer Zoological Laboratories at the University of Manchester.
The shells were removed by cutting carefully around the inside edge of the shell spiral with bone forceps while imparting a twisting motion to the forceps blades. This action resulted in a large section of the shell breaking cleanly away from the central column to reveal the external surface of the mantle, through the semi-transparent wall of which could be seen the organs of the pallial complex. The large ribbed hypobranchial glands were easily distinguishable and were dissected out of the animals with fine pointed scissors.
The excised hypobranchial glands were transferred to beakers of ice-cold (40) 0-55M-NaCl solution. The state of the glands at this stage was relaxed and soft with the lamellae lying open and the colour was generally a yellowish cream; in some cases the glands were small and brown, and such glands were discarded. The optimum concentration of NaCl used in the extraction procedure was found to be about 0*55m, i.e. approximately the degree of salinity of sea water. No mucin could be extracted from glands placed in distilled water, where they irreversibly became stiff and contracted.
Extraction of the mucin from the glands in 0 55M-NaCl was achieved by mild agitation of the glands to stimulate a flow of mucin. The mucin thus produced could be drawn away from the glands by winding it as a continuous strand on to a glass rod. Mucin thus collected was deposited in ice-cold 0 55M-NaCl. After a period of extraction in this manner the flow of mucin decreased and its quality became less fibrous and more fluid. The flow of mucin could be restoredto its original volume and quality by adding further 0 55m-NaCl. In this manner up to 200ml. of mucin containing 1-2mg. dry wt./ml. could be collected from six glands over an extended period. Yields of mucin from individual glands varied widely.
The first few millilitres of mucin collected were usually discarded since they contained a large quantity of cellular debris and possessed a strong yellow coloration. The material collected after this initial stage was reasonably 701 clear with a faintly bluish opalescent appearance. The mucin at this stage of the preparation had a fibrous ropy quality.
The Moving-boundary electrophoresis was carried out at 40 in a Perkin-Elmer Tiselius electrophoresis apparatus with 0 02m-sodium phosphate buffer, pH8-0, containing NaCl (015M), and at a potential of 100v at 23mA.
For examination of the mucin by electron microscopy samples were fixed in osmic acid solution [1% (v/v) Amino acids in hydrolysates were identified qualitatively by electrophoresis on Whatman 3MM paper in 7-5% (v/v) formic acid at 2000v for 30min. and by two-dimensional paper chromatography on Whatman no. 52 paper by using the solvent systems butan-2-ol-formic acid (98%)-water (15:3:2, by vol.) in the first dimension (descending) and phenol-water (4:1, w/v) in the second dimension (descending). Amino acids on paper electrophoretograms and chromatograms were demonstrated by spraying with 0-5% (w/v) ninhydrin in acetone and heating at 1000 for 5min.
Quantitative estimations of amino acids in hydrolysates were carried out with an automatic amino acid analyser (Technicon Instruments Ltd., Chertsey, Surrey).
Analysisfor monosaccharides. Hydrolyses for the release of monosaccharides were carried out in 2-ON-HCI under N2 in sealed tubes at 1000 for 6hr. Hydrolysates were freed from HCI by evaporation under vacuum and, after being redissolved in water, were deionized on a mixed-bed column of cation-and anion-exchange resins. Amberlite IR-120 and IRA-400 resins (20 mesh) were separately regenerated in the H+ and OH-form respectively and thoroughly washed with distilled water. The resins were mixed in the ratio 5vol. of Amberlite IRA-400 to 2vol. of Amberlite IR-120 (volumes of wet swollen resin) and were poured into a column (3cm. x 50cm.). Hydrolysates were applied to the column and washed through with distilled water at the rate of 4m1./min. The coluimn effluent was evaporated to dryness and redissolved in a small volume of distilled water for examination by paper chromatography on Whatman no. 1 paper. The best separation of the monosaccharides was obtained with a water-saturated mixture of butan-l-ol and ethanol (4:1, v/v) (descending). Alternatively, ethyl acetate-pyridine-water (4:1: 1, by vol.; organic phase) or phenol-water (4:1, w/v) was used. Monosaccharides were identified by spraying with aniline hydrogen phthalate in butan-1-ol-diethyl ether (1:1, v/v).
Determination of N-terminal amino acids. The N-terminal amino acids in the protein moiety of the mucin were determined by the dinitrophenylation procedure ofSanger (1945) . Samples of the DNP derivatives were subjected to acid hydrolysis in 12x-HCI for 5hr. at 1050 followed by ether extraction. The DNP-amino acids contained in the ether extracts were then identified and estimated according to the procedure of Levy (1954) . At no time during the preparation and estimation were the DNP derivatives allowed to be exposed to direct light for more than a few seconds. Chromatography tanks and reaction vessels were blackened.
Analytical methods. (1952) and Aminoff (1961) .
Tests for the presence of hexuronic acids in the mucin were carried out by the method of Dische (1955) .
The quantitative estimation of protein in aqueous solution was carried out by the biuret method of Layne (1957) .
The quantitative determination of ester sulphate in the mucin was carried out by the method of Dodgson & Price (1962) .
The calcium content of the mucin was estimated by the method of Schwarzenbach (1957) .
Determination of moisture content. Samples of the freezedried mucin were accurately weighed (to the nearestO-Ol mg.) in small stoppered specimen tubes, which were then placed without the stoppers in a vacuum oven. The oven was evacuated to 0-1mm. Hg and the temperature raised to 1100. Drying was carried out for 166hr., after which time the vacuum was broken and the tubes were quickly withdrawn, stoppered and weighed. Heating under vacuum was repeated until a constant weight was obtained.
Determination ofash content. Accurately weighed samples of extensively dialysed freeze-dried mucin were weighed in small silica crucibles that had previously been extensively cleaned in boiling HNOs followed by heating to white heat.
The crucibles containing the mucin samples were then heated at 9000 until constant weight had been attained. 13.2% of sulphate (as S042-), less than 0.5% of calcium, 9.0% of ash and 10.0% of moisture. The foregoing values are expressed as percentages of freeze-dried material equilibrated, before analysis,
RESULTS
Physical characteristics. Moving-boundary electrophoresis of the mucin at 1% (w/v) concentration in 0-02M-phosphate-0-15M-sodium chloride buffer, pH8-0, indicated the presence of two rapidly migrating components ( Fig. 1) , with mobilities of -17-8x 10-5and -93 x 10-5cm.2v-1sec.-1respec-tively, in the ratio 3:2. Analytical ultracentrifugation of simnilar solutions of the mucin also indicated the presence of two components having S20,, 4-7 and 9-0s. Both peaks showed some degree of asymmetry, and the major, slower-moving, peak exhibited a tendency to self-sharpening (Fig. 2) .
Electron microscopy at 36000x magnification indicated that the mucin was composed of large amorphous masses of spherical or elliptical particles with diameters in the range 250-3001.
Infrared spectrum. The infrared spectrum of the mucin (Fig. 3 ) showed bands compatible with the presence ofcarbohydrate, protein and ester sulphate (Barker, Bourne, Stacey & Whiffen, 1954; Fraser, 1956; Orr, 1954) .
Composition of the whole mucin. The mucin contained 41.0% of protein, 30-0% of carbohydrate (as glucose), 2-0% of hexosamine (as glucosamine), (A and B) , the unidentified component of the mucin (C), the glycoprotein moiety of the mucin (D) and pepsin (E). All spectra were obtained with Nujol mulls except A, for which a freeze-dried film was used.
Vol. 97 703 in a desiccator over silica gel at atmospheric pressure and room temperature. The amino acid composition of the mucin is given in Table 1 . Analyses on samples of mucin prepared at different times from different batches of the mollusc gave consistent results.
A few minor unidentified components emerged from the amino acid analyser column between cysteic acid and aspartic acid; these components included one that absorbed more strongly at 440m,u than at 570m,u in the ninhydrin reaction and that was probably a degradation product of the amino sugars present in the material (Pusztai & Morgan, 1963) .
In addition to the minor unidentified components there emerged from the column, approx. 12ml. after cysteic acid (in this region ofthe chromatogram individual amino acids are eluted in approx. 2.5nml.), a component with a ninhydrin colour, at 570m,u, about 1-5 times that of the cysteic acid present. This component was identified with a ninhydrinpositive spot seen on paper electrophoretograms of mucin hydrolysates, which moved only a short distance towards the cathode in 7-5% formic acid. A small quantity of this material was isolated by preparative paper electrophoresis. This material gave a weak reaction with the orcinol-sulphuric acid reagent, a weak reaction (on paper) with aniline hydrogen phthalate and a strong reaction with the Elson-Morgan reagent for amino sugars (Fig. 4 shows the absorption spectrum of the coloured product of this reaction). The material did not give positive reactions with reagents for the detection of sialic acids. The infrared spectrum of the material is given in Fig. 3 Hexosamines were identified by examination of hydrolysates, which had been treated with Amberlite IRA-400 ion-exchange resin (CO32-form) to remove most of the amino acids, on the Technicon amino acid analyser by using the same elution system as that used for estimation of amino acids. The mucin was found to contain glucosamine and galactosamine in equal proportions.
Glycoprotein moiety of the mucin. The glycoprotein moiety of the mucin was prepared in the denatured state, as described by Hunt & Jevons (1963) , by treatment with 40% (w/v) phenol at 600. It has so far proved impossible to devise a method by which the protein moiety can be prepared uncontaminated by the polysaccharide sulphate and in the undenatured state. It was found possible, however, to take the precipitated protein into solution by bringing a suspension, in distilled water, to pH11-0 with N-sodium hydroxide solution and rapidly readjusting the pH to 8-0, the protein then remaining in solution.
Analytical ultracentrifugation of a 1% (w/v) solution of the protein, prepared as described above and then dialysed against phosphate buffer, pH 8-0, showed the presence of a single component with sedimentation coefficient 16-6s at 20° (Fig. 2) .
The infrared spectrum of the glycoprotein is shown in Fig. 3 . The amide bands at 1550 and 1650cm.-1 are clear and well-defined, and the N-H stretching frequency at 3250cm.-l presents a sharp peak with only a slight trace of adjacent 0-H stretching. The most interesting feature of this spectrum is the residual broad absorption over the range 950-1150cm.-1, the characteristic region of absorption for carbohydrates (cf. the spectrum of carbohydrate-free pepsin in Fig. 3 Shashoua & Kwart (1959). estimated by the orcinol reaction, and 4-5% of hexosamine.
Glycopeptide fragments from the glycoprotein.
Glycoprotein (about 50mg.), prepared by extraction of the whole mucin with phenol (Hunt & Jevons, 1963) , was dissolved in water (50ml.), brought to pH8-0 by the addition of sodium hydrogen carbonate solution and treated with 10mg. of Pronase P. Incubation was carried out at 370 under toluene for 24hr., when the pH was readjusted to pH8-0 and further Pronase P (10mg.) added. Incubation was continued for a further 72hr. and the digest then filtered through a glass-fibre filter disk. The filtrate was then passed through two successive columns (20cm. x 2cm.) of Amberlite IR-120 ionexchange resin (H+ form; 200 mesh (Sanger, 1949) was added and the mixture allowed to stand at 00 for 1 hr. The reagent was then removed at 0-1 mm. Hg pressure. On paper electrophoresis of the treated material a change was seen to have occurred in the peptide pattern, the slower-moving of the major components having decreased in intensity while the more rapidly migrating major component had increased in intensity.
M S
The performic acid-oxidized material was subjected to gel filtration on a colunm (10cm. x lcm.) of Sephadex G-25. The solution (1-Oml. in 0-1w-acetic acid) was run on to the column (equilibrated with 0 1 N-acetic acid) and elution from the column carried out with 0-1 N-acetic acid at the rate of 25ml./hr. Fractions of volume 5-Oml. were collected and examined for extinction at 280m,u and at 225m,u and for carbohydrate by the orcinolsulphuric acid reaction. The elution pattern is shown in Fig. 5 . All the orcinol-positive material emerged in the first 30ml. together with a high proportion of the peptide material. Fractions 1-6 were pooled for further purification by paper electrophoresis. The pooled fractions were freezedried to remove acetic acid. This material was submitted to paper electrophoresis in 7.5% formic acid for lhr. at 1600v. A guide strip of the paper was cut out and stained with ninhydrin. The remainder of the paper was cut into strips horizontal to the origin line and lcm. in depth (perpendicular to the origin line). These were eluted with distilled water and the eluates tested for carbohydrate with the orcinol-sulphuric acid reagent. Fig. 6 shows the coincidence of ninhydrin-and orcinol-positive material on the electrophoretograms of the Sephadex eluate. Fractions, eluted from the paper electrophoretograms, containiing both ninhydrinand orcinol-positive material [numbered (1)- (5) in Fig. 6 ] were set aside for analysis.
The five principal fractions isolated were subjected to acid hydrolysis and the hydrolysates examined by paper chromatography and paper electrophoresis. Insufficient material was available for a full quantitative assay; rough quantitative hypobranchial mucin. The sample was applied in 1Oml. of O-lh-acetic acid; elution was with 0O1N-acetic acid at a rate of elution 25ml./hr., 5BOml. fractions being collected.
The extinctions at 225mu (A) and at 280m,u (e) were measured, and the extinction at 500m,u in the orcinol-H2SO4 reaction (o) was also read. HYPOBRANCHIAL MUCIN OF BUCCINUM UNDATUM (Hunt & Jevons, 1965, and unpublished work) . The other component is the glycoprotein described in the present paper. The component having the high electrophoretic mobility of -17-8 x10-5cm.2v-1sec.-1 can be undoubtedly identified with the polysaccharide sulphate, and the slower-moving component with a mobility of -9-3 x JO-5cm.2v-1sec.-1 may be identified with the glycoprotein (which has a 3:2 molar ratio of acid to basic amino acids and in which the ratio of amide-substituted acid amino acids to unsubstituted acid amino acids is 1:1). These values may be compared with those obtained for the mobilities, at the same pH, of chondroitin sulphate and protein from cartilage extracts, these being -17-0 x 10-6 and -7-9 x 10-5cm.2v-1sec.-1 respectively (Blix, 1940) . It is also noteworthy that the glycoprotein, associated as it is with a polysaccharide sulphate, contains ornithine, as does the protein found in association with chondroitin sulphate in bovine nasal cartilage (Webber & Bayley, 1956; Bernardi, 1957) . Perhaps significantly, the protein moiety of the hypobranchial mucin of Busycon canaliculatum also contains ornithine (Shashoua & Kwart, 1959; see Table 2 ).
The unidentified component, found in hydrolysates of the whole mucin, which emerges just after cysteic acid from the amino acid analyser column, is not apparently associated with the glycoprotein, since it is not present in hydrolysates of this material, but rather with the peptide bound covalently to the polysaccharide sulphate (Hunt & Jevons, 1965) . A similar unidentified component was noted by Shashoua & Kwart (1959) in hydrolysates of the Busycon canaliculatum mucin. The identity of the unknown component remains obscure. The infrared spectrum resembles in some respects those of amino acid hydrochlorides (Bellamy, 1954) , but the strong absorption band at 1410cm.-l is a puzzling feature that might arise either from C-H deformation, in which case an extensive carbon skeleton is indicated, or from the CN absorption of a primary amide.
In the protein moiety, acidic amino acids are prominent, aspartic acid and glutamic acid together contributing almost 23% of the total amino acid content. The results with the dinitrophenylation method suggest the presence in the glycoprotein of at least four chains (or a multiple of this number), two terminating in serine, one in alanine and one in aspartic acid. That all four chains are linked seems to be indicated from the electrophoretic and ultracentrifugal data both for the whole mucin and the separated glycoprotein. It seems possible that the linkages between the chains are in the form of disulphide bonds, since peptides linked by disulphide bridges susceptible to performic acid oxidation were detected in enzymic digests of the glycoprotein. The possibility that the carbohydrate Vol. 97 707 moiety of the glycoprotein might provide the bridges between the protein chains, as is reported for reticulin (Snellman, 1963) , cannot be discounted on the present evidence. The presence, in the glycoprotein moiety of the mucin, of small amounts of glucosamine, galactosamine, glucose, galactose, mannose and fucose suggests a structure similar to that of the fucomucoproteins of higher animals, such as the ovarian-cyst mucins (Odin, 1958) . This pattern ofcarbohydrates, except for the presence of glucose, is in fact one commonly occurring in the glycoproteins of vertebrate epithelial mucous secretions. Substances of this type that also contain glucose have been isolated by Dische, Danilczenco & Zelmenis (1958) from bovine bone, plasma and vitreous humour, but they are on the whole uncommon. In higher animals glycoproteins of this type frequently bear sialic acid as a terminal residue of the oligosaccharide units. However, no sialic acid was detected in this material, a finding in keeping with Warren's (1963) observation that sialic acids are not generally found among the Invertebrata, although a sialic acid has been tentatively identified in the digestive gland of Charonia lampas (Inoue & Egami, 1963) .
The function of the hypobranchial mucins in the marine Mollusca is the consolidation and removal of sediment that enters the mantle cavity and that if not removed would obstruct or impede the organs of the pallial complex (Yonge, 1947 (Ronkin, 1955; Hunt & Jevons, 1963) . In the mucin of Bu8ycon canaliculatum, too, the particles composing the mucin appear to be spheroidal or oblately spheroidal as in Buccinum undatum mucin, although the size range is larger (250-10001) in Busycon canalicuulatm mucin (Ronkin, 1955) .
Viscosity data in both cases indicate the presence of polyelectrolyte material (Kwart & Shashoua, 1958; Hunt & Jevons, 1963) . Superficially, too, the chemistry of both the Busycon canaliculatum mucin and the Buccinum undatum mucin are similar. Shashoua & Kwart (1959) Table 2 . A striking resemblance to that of the Buccinum undatum protein is apparent, the chief difference lying in the higher proportion of basic amino acids in the Busycon canalicuktum protein. With the polysaccharide sulphates, however, there is a striking difference; whereas in the Buccinum undatum mucin the sulphate groups are bound by ester linkages to the monosaccharide units, in the Bu8ycon canaliculatum polysaccharide sulphate the sulphate groups are reported to take the form of alkylammonium sulphate residues whose counter-ions are predominantly Ca2+ and which form a bridge to the fi-and y-carboxyl groups of aspartic acid and glutamic acid respectively in the protein. In the Buccinum undatum mucin the percentage of calcium is very low, and it seems far more likely that the weak linkages between protein and polysaccharide sulphate in the Buccinum undatum mucin are mediated by the sulphate groups and the side chains of the basic amino acids in the protein.
Thus, though in their physical behaviour and function the two hypobranchial mucins resemble one another closely, the method of obtaining a highly charged linear polysaccharide, and of conjugating it to protein, is achieved in a different manner.
The hypobranchial mucins of C. Zampa8 and Neptunea antiqua have been investigated largely with regard to their polysaccharide moieties. It is apparent, however, that in both cases protein is also present (Iida, 1963; Doyle, 1964) . C. lampa8 mucin contains a mixture of ,-i(1 -+4)-and o-(1 -÷6)-polyglucose sulphates, and in this respect closely resembles the mucin of Buccinum undatum (Iida, 1963) , whereas the mucin of N. antiqua contains a polyhexosamine (glucosamine and galactosamine) sulphate with some glucose and fucose residues (Doyle, 1964) .
708
1965
